Abstract. This paper presents a method for simulating magnetizing inrush current for three-phase three-legged transformers. A method is showed for easy and fast needed transformer parameters obtaining. It is shown that magnetizing inrush current is strongly dependent on transformer core saturation, and a straightforward method is presented for taking into account core saturation. Finally, a real transformer simulation results are presented and compared with those obtained by direct measure of magnetizing inrush current, discussing method suitability.
Introduction
Since incorporation of digital protection for three-phase transformers, it was shown clearly the needed for having accurate algorithms for transformers magnetizing inrush current.
Since forties of XX century works for explaining phenomena associated with magnetizing inrush current have been conducted, trying to establish a mathematical formulation allowing calculation of a theoretical value and their evolution. For the case of three-phase transformers, by far the most widely used, the associated phenomena for magnetizing inrush current are much more complex than in the case of single-phase transformers.
At present there are several tools that allow the simulation of electromagnetic transients. In [1] a study of several simulation tools magnetizing current through programs EMPT/ATP, PSCAD and Matlab/Simulink is presented. The authors conclude by confirming the correct answer of the above tools for application to the study of transformer differential protection.
However, the development of a transformer accurate model is very complex due to the large number of different designs of cores and that several transformer parameters are nonlinear. In [2] a review of the proposed models of transformers for transient behavior at low frequency is presented. The authors conclude that it is difficult to develop such methods due to the large variety of designs for three-phase transformer cores, the frequency dependent behavior and the nonlinearity of many parameters of the transformer, and the acquisition and determination of some of the parameters. The development of a transformer model is a complex task.
Magnetizing inrush current for threephase transformers
There have been several studies for the digital simulation of the magnetizing inrush current in threephase transformers. In [3] the authors present a study of the determination of the magnetizing inrush current by two methods, the first based on the sequence impedances and the second based on the mutual coupling.
In the first case it is assumed that the system is equivalent to three one-phase transformers magnetically decoupled, so the accuracy of the results is certainly limited, and the determination of the parameters is laborious.
The mutual coupling method does take into account all the magnetic coupling between phases, and is simpler, although the accuracy depends on the values of mutual inductances which are not linear.
In [4] the authors present a simulation of the magnetizing inrush current that takes into account the magnetic characteristics of the core, but the core parameters are internal dimensions, which greatly complicates its application to real transformers already mounted. This paper presents a method based on the method of the magnetic coupling designed for the determination of the magnetizing inrush current for threephase three-legged transformer using a simple method of obtaining the precise parameters of the transformer. Figure 1 shows the core of a three-phase three-legged transformer. The equations of the voltages on the primary and secondary are [5] (1)
Transformer model
being L ij the self-inductance when i=j, and mutualinductance when i≠j.
The above equations satisfy the following matrix relation: (7) or in reduced form (8) To determine the current in each phase of the transformer the equation to resolve is (9) For the determination of the magnetizing inrush currents are assumed previously deenergized transformer and no load on the secondary, so that when the system to solve becomes six to three equations (10)
simplifying the system matrices to solve.
Self and mutual inductances determination
The coefficients of the matrix [L] correspond to different values of the inductance and mutual inductance of the transformer coils. These parameters depend on the design of each transformer, which makes very complex a general determination.
However these parameters can be obtained for a real transformer by direct measurement of them. The selfinductance of each coil of the transformer can be determined from the relationship (13) where R is the ohmic resistance of the winding, ω = 2·π·f, the voltage V which is subjected to the winding and the current I circulating through the winding.
Similarly, the coefficient of mutual-inductance between two coils 1 and 2 can be determined from To test the proposed method, a real three-phase threelegged transformer 400/230 V and 1kVA was tested. Figure 2 shows the simulation results during the first 100 ms considering constants and not saturable inductances, for a lag of the phase R voltage of 0.7 radians at the time of the connection. Figure 3 shows the peak values of the real inrush currents for the transformer studied. From the simulation, data shows that the simulation is quite inaccurate, as in the real case the peak current of the S phase is 3'6 A, and 0.62 A for the simulation. The reason for this is that the determination of the self and mutual inductance is not correct for the determination of the magnetizing inrush current, since in the initial instants these values are very high and it causes the saturation of the magnetic core [4] .
Simulation results

Fig. 2 Inrush currents and peak values without saturation
To resolve this problem in a manner which is simple for the case of any three-phase transformer, we will be taken into account that the inductances are saturable, and therefore dependent on the current, L = L (i). For this, measurement is performed of the different inductances of the transformer taking pairs of current-voltage measurements from low currents to currents several times higher than the rated current of each coil.
The data so obtained form a set of measurement pairs of I-V values is used to determine the induction as a function of the current using equations (13) and (14), taking V as the resultant value of the linear interpolation in the above set of pairs I-V values.
Since it is not possible to measure currents greater than 3 times the rated current to prevent damage to the windings during data collection, it is assumed that the core does not saturated more for values above that.
Once taken data and calculated the self and mutual inductances, the simulation is repeated, obtaining the data shown in Figure 4 : 
Saturation and non linearities
Calculation of self and mutual inductances is done for each coil separately, and applying superposition theorem. The data collection was done by applying increasing voltage to the coil and measuring both voltage and current for using with equations (13) and (14).
Since voltage is applied from zero to maximum value, hysteresis is neglected. So there is no harmonics presence in the simulated currents.
Saturation of core is managed assuming that self and mutual inductances are current-dependant. So their value depends upon current flowing through the coil. For solving equation (9) the value of L ij is calculated for each iteration, for the differential equation solving; a linear interpolation of the data obtained by coils measurement is done and applying values to equations (13) and (14). Using this approach non linearities for self and mutual inductances are taken into account. Figure 5 shows the values of self and mutual inductances as a function of the flowing current. Inductance value is decreasing as flowing current rises. For low current values there is a lack of reliable data due to the sensibility of apparatus used for measuring, so in the simulation inductance are assumed to be constant for current values below a minimum. 
Conclusion
A method for determining the magnetizing inrush current for a three-phase, three legged transformer was proposed. The method uses as parameters, the coils resistance matrix and the coils inductance matrix. The resistances are measured directly in the windings of the transformer, and the inductances by obtaining pairs of current-voltage values from the inductances which are calculated as a function of the current through the coil. This data collection is extremely easy and achievable in any three-phase three-legged transformer.
The experimental results show that by using this method high precision is obtained in determining the peak value, the accuracy worsens by decreasing the value of the current, but it remains within acceptable limits.
The method takes into account the saturation of the core, but does not consider the phenomenon of hysteresis, which is why no harmonic currents are obtained by simulation. The latter makes this method not applicable to the simulation of inrush current for harmonics controlled differential protection of transformers, since the signals obtained from the simulation does not show the typical second harmonic in the magnetizing inrush current. However it is fully applicable to other protection systems that do not take into account the harmonic content of the signals, but their peak values and evolution.
